Lake anchovy (Coilia ectenes taihuensis) is a sedentary, dominant fish species that forms an unmanaged fishery in Taihu Lake, eastern China. The environment and developmental stage of lake anchovy are likely important drivers of their gut microbiome, which is linked to host health and development. To investigate the relationship between the gut microbiome and three defined factors (fish sex, fish body size, and the local habitat), high-throughput sequencing of the 16S ribosomal RNA gene was used to study the microorganisms of 184 fish samples and four water samples collected in Taihu Lake. Four dominant bacterial phyla (Proteobacteria, Firmicutes, Planctomycetes, and Cyanobacteria) were present in all fish samples. We compared the microbial communities of males and females and found that the relative abundance of Corynebacteriaceae was significantly higher in males than in females, while the opposite trend was detected for Sphingomonadaceae. We also discovered that the relative abundance of Firmicutes was positively correlated with fish body size and that the proportions of Proteobacteria and Tenericutes were lower in larger fish than in fish of other sizes. Finally, we found that the difference in microbial richness between eastern and northern Taihu Lake was the most marked. Lake anchovy was rich in Lactobacillus and Clostridium in the eastern site, while those in the northern site had the highest abundance of Sphingomonas and Methylobacterium, suggesting that the local habitat may also influence the intestinal microbiome. These findings will not only help researchers understand the community composition of the intestinal microflora of lake anchovy but also contribute to the protection of fish resources in Lake Taihu and the sustainable use of lake anchovy.
the intestinal microflora varies greatly depending on the genetic background (Ley et al., 2008) , diet (Bolnick et al., 2014; Dawood, Koshio, Ishikawa, & Yokoyama, 2015; Michl et al., 2017) , body size (Briones et al., 2012; Davis, Blanchette, Pusey, Jardine, & Pearson, to 19% of their prey) . The largest fish (>170 mm) feed primarily on fish and shrimp (50%-100% of prey; Tang, 1987) . Fish often develop specific foraging strategies according to different local conditions (Briones et al., 2012) . For example, habitat nutrition can indirectly affect the dietary composition of lake anchovies through complex prey responses, which limits the coupling of food webs and affects energy flux and nutrition dynamics (Sha et al., 2015) .
To date, studies of Coilia species have focused on catch, morphological differences, growth, development, and reproduction (Jiang, Yang, Liu, & Shen, 2011; Liu, Bao, & Wan, 2008; Tang, 1986) .
Relatively few studies have investigated the intestinal microbiota of lake anchovy (Nie, Xu, Cheng, et al., 2015; Nie et al., 2014; . Moreover, little is known about the factors that drive variation in their intestinal microbiome. Therefore, the objectives of our study were (a) to investigate the community structure and species composition of the intestinal microbiota of lake anchovy; (b) to explore the factors that influence community diversity and structure of the intestinal microbiome; and (c) to compare differences in intestinal microbiome in fish of different sexes, body sizes, and local habitats.
| MATERIAL S AND ME THODS

| Sampling
We collected 184 lake anchovy individuals from sampling stations established during the major fishing season (September) in 2017 from four different regions of Taihu Lake (Figure 1 ). Each sampling station had six gill nets with different mesh sizes. The total net length was 750 m, and the net height was 1.5 m. The mesh sizes of the gill nets were 1.2, 2, and 4 cm (each 15-m long), and 6, 8, 10, and 14 cm (each 20-m long), for a total net length of 125-m long.
The collected fish were weighed and sexed (male or female) and assigned to one of three groups based on body size, as determined from preliminary data: S (c. 10 g), P (c. 30 g), or L (c. 50 g) ( Figure 2) . The whole intestinal tract of each fish was dissected on ice using sterile scissors, placed in an aseptic cryopreservation tube, rinsed with sterile water and, after the perienteric fat was removed, instantly frozen with liquid nitrogen. A total of 44-48 fish gut samples were collected from each part of Taihu Lake (Figure 1) . Biological measurements of all samples are included in the Supplementary Materials (Table A1) .
Water samples were also collected from each sampling site. We took 10 water samples from each of the four sampling sites. Two samples were collected at the center of the sampling site, and eight were collected along the diagonals of the 1,000 m × 1,000 m region centered on the site (Figure 1 , see subpanel near D). At each sampling site, we used a 0.5-L water collector at a depth of 0.5 m. Each sample was fully mixed and then packed into a 50-ml aseptic centrifuge tube. Samples were then filtered onto polyester cellulose filters (Millipore) with a pore size of 0.2 μm. Filters from the same sampling site were stored in the same centrifuge tube filled with anhydrous ethanol and immediately frozen at −80°C until DNA extraction.
| DNA extraction, 16S rRNA gene amplicon preparation, and sequencing
The water samples were processed to extract DNA as follows. The filter was cut into pieces in a sterile 50-ml centrifuge tube using a sterile scalpel. DNA extraction was performed with the E.Z.N.A. Water DNA Kit (OMEGA Bio-Tek) according to the manufacturer's protocol. The whole intestine of each fish was cut into pieces with sterile scissors and tweezers and placed into a 2-ml centrifuge tube on ice. DNA extraction was performed with the E.Z.N.A. Stool DNA Kit (OMEGA Bio-Tek).
DNA integrity was verified using 0.8% agarose gel electrophoresis, and the quantitative analysis of DNA was carried out by ultraviolet spectrophotometry. The hypervariable V4-V5 regions of the 16S rRNA gene, which are frequently targeted for evaluating bacterial communities (Martínez-Porchas, Villalpando-Canchola, & Vargas-Albores, 2016), were directly amplified from 10 ng of total DNA with PAGE-purified Illumina platform-compatible adaptor oligos that contained features such as sequencing primers, sample-specific barcodes, and 16S PCR primers (forward primer, 515F:
GTGCCAGCMGCCGCGGTAA (Caporaso et al., 2011) ; reverse primer, 907R: CCGTCAATTCMTTTRAGTTT (Lozupone et al., 2013) ). PCR was performed using the following cycling profile: initial denaturing at 95°C for two min followed by 20 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 6 s. The PCR amplification products were detected by 2% F I G U R E 2 Morphological measurement data statistics for all fish samples. Fish were grouped by sex (F = female, M = male); body size (S = small, about 10 g, P = medium, about 30 g, and L = large, about 50 g); and lake region (A = northern part of Taihu Lake, B = western, C = southern, D = eastern). Letters in each panel indicate significant differences between groups (ANOVA, p < .001) agarose gel electrophoresis, and the target fragments were reclaimed with a kit. The Gel Recovery Kit (Axygen) was used for recovery. We quantified the PCR-amplified and -recovered products with the fluorescence reagent Quant-iT PicoGreen dsDNA Assay Kit. The DNA concentration was then quantified using a microplate reader (BioTek, FLx800). The purified amplicons from individual samples were pooled in equal mass (molar) ratios. We prepared a sequencing library from the TruSeq Nano DNA LT Library Prep Kit (Illumina Company). First, the library was examined by Agilent Bioanalyzer using the Agilent High Sensitivity DNA Kit. Then, the library was quantified with the fluorescence quantitative system using the Quant-iT PicoGreen dsDNA Assay Kit. The library pool was sequenced using an Illumina MiSeq Reagent Kit V3 on an Illumina MiSeq sequencer.
| Bioinformatics and data analysis
The raw data were sorted into independent files according to unique tags. After the removal of tags and primers, pair-ended sequences were merged (Caporaso et al., 2010) . Quality filtering included three steps. We discarded sequences (a) that contained "N", (b) with a quality score less than 20 (finger base average sequencing accuracy ≥99%), and (c) with a length shorter than 150 bp. All sequences were classified into OTUs at a threshold of 97% similarity using the UPARSE pipeline (Edgar, 2013) , and representative sequences of each OTU were generated simultaneously. QIIME software (v1.8.0) (Caporaso et al., 2010) with UCLUST (Edgar, 2010) was used to merge the sequences obtained above and to partition OTUs according to a sequence similarity of 97%. The sequence with the highest abundance in each OTU was selected as the representative sequence of the OTU. The taxonomic information corresponding to each OTU was obtained by comparison with the Greengenes database (Release 13.8; Desantis et al., 2006) and by comparing the representative OTU sequence with the template sequence of the corresponding database from QIIME (v1.8.0).
All statistical analyses were conducted using R software v3.2.5 (R development Core Team, 2015) . Alpha diversity indices, including Chao (1984) , Simpson (1972) , and Shannon (1948) , the ACE estimator (Dawid, 1993) were calculated within QIIME for all samples.
ANOSIM was used to verify the effectiveness of the grouping, and PERMONOVA was used to test whether the dissimilarity of microbial abundance among the different groups was significant. The OTU relative abundance values were analyzed using the linear discriminant analysis (LDA) effect size (LEfSe) algorithm (Segata et al., 2011) .
To predict the potential functions of each sample based on 16S rRNA sequencing data, we used PICRUSt (Langille et al., 2013) . We used the KEGG database and performed closed reference OTU picking, using the sampled reads against a Greengenes reference taxonomy. The 16S copy number was then normalized, molecular functions were predicted, and the final data were summarized into KEGG pathways. The Kruskal-Wallis test was performed to determine whether the differences in metabolic function between groups were statistically significant. The differences in the predicted molecular functions of the bacterial communities among different groups were shown in a histogram using the "vegan" package (Ramette, 2007) in R.
| RE SULTS
| Overview of the gut microbial community structure in lake anchovy
Following quality trimming and chimera detection, a total of 6,842,704 valid reads and 4,208 OTUs were obtained from the 188 samples (Table A2) , with an average of 35,687 reads per barcoded sample. The observed species and Shannon index rarefaction curves plateaued in all samples ( Figure A1 ), indicating that most of the microbial diversity in these samples was captured by this sequencing analysis. The species accumulation curves also suggested that the sampling quantity was sufficient for analysis ( Figure A2 ). Thus, it is unlikely that any undetected rare species would affect our conclusions.
A total of 490 genera belonging to 26 phyla were identified in the gut samples. The dominant phyla in the intestinal samples were Proteobacteria (69.0% relative abundance) and Firmicutes (16.4%), followed by Planctomycetes (4.8%), Cyanobacteria (3.4%), Tenericutes (1.5%), Actinobacteria (1.4%), and Bacteroidetes (1.3%).
A total of 62 classes were identified. Proteobacteria largely consisted of Gammaproteobacteria (54.3%), Alphaproteobacteria (9.5%), and Betaproteobacteria (5.1%). Firmicutes were mainly composed of Clostridia (13.6%) and Bacilli (2.6%). The dominant genera were Halomonas (41.4%), Pseudomonas (9.3%), Clostridium sensu stricto 1 (8.1%), Ochrobactrum (7.5%), Uncultured Planctomycetaceae (4.4%), Cupriavidus (3.4%), and Microcystis (3.0%; Figure A3 ). The relative abundance of major bacterial phyla in the intestinal content among the four sites was uneven ( Figure 3 ).
In the water samples, a total of 34 phyla were detected (Figure 3 
| Intestinal microbiota of female versus male lake anchovy
Female and male fish had the same dominant bacteria, and there was no significant difference in the relative abundance of the four most dominant phyla between the sexes (p > .05 for all). There is no difference between the two groups of samples based on ANOSIM (R = 0.049, p = .203). Alpha diversity indices (Shannon index and Chao1 index) confirmed that there was no significant difference in gut microbial diversity or richness between males and females (ANOVA, Shannon index: p = .78; Chao1 index: p = .124, Figure 4a ,d).
NMDS revealed that some samples from male and female fish were no significantly different ( Figure 5a ). The difference in the microbial composition (relative abundance) of the gut microbiome may derive from the contrasting abundance of each taxon in the two groups, compared using the LEfSe algorithm. At a stringent cutoff value, the taxa displayed a significant difference in their abundance between males and females (absolute LDA score log 10 ≥ 2.0, Figure 5b ). For instance, both Fusobacteria and Deinococcus-Thermus were significantly different (p < .05). In addition, intersex differences were also identified at lower taxonomic levels. For example, at the family level, the relative abundance of Corynebacteriaceae was significantly higher in males than in females, while the opposite was observed for Sphingomonadaceae. At the genus level, significantly more reads were assigned to Nitrospira in female samples than in male samples.
| Comparison of the gut microbiota across fish body sizes
There were significant differences among the three groups of body size based on the ANOSIM (R = 0.2732, p = .001). The diversity of the gut bacterial communities in the small lake anchovy was significantly higher than that of the large fish, as confirmed by Chao1 index (p < .05) and Shannon index (p < .005) analyses (Figure 4b,e ). A clear distinction in the gut bacterial community structure of the different groups was also revealed by PERMANOVA analysis (p = .001).
The relative abundance of the bacterial flora varied according to body size as shown by LDA. Proteobacteria, especially Comamonadaceae, were more abundant in small fish (0.9%) than in larger fish (0.3%; Figure 6 ). In contrast, the relative abundance of Firmicutes (8.7%-25.1%) was positively correlated with fish body size ( Figure 6 ). The intestinal microbial communities of larger fish had a lower relative abundance of Tenericutes (0.8%) and higher relative abundance of Verrucomicrobia (0.3%) and Cyanobacteria (4.1%) than those of small fish, whereas Synergistetes were only detected in small fish.
| Influence of geographic locations on the gut microbiota of lake anchovy
There were significant differences in microbial diversity among the different sampling sites (p < .05, ANOVA, Figure 4c ,f). ANOSIM similarity analysis showed that there were significant differences among the four groups (R = 0.2285, p = .001). The gut microbiota was significantly more diverse in samples from site D than other sites F I G U R E 3 Phylum-level gut microbiota composition of lake anchovy. Three-letter codes for each column indicate sample point, fish sex and fish body size. Fish were grouped by sex (F = female, M = male); body size (S = small, about 10 g, P = medium, about 30 g, and L = large, about 50 g); and lake region (A = northern part of Taihu Lake, B = western, C = southern, D = eastern). For example, AFS = fish from site A, of female sex, and small size. The water column (farthest right) shows samples from each site a, b, c, and d (PERMANOVA, p = .001). Alpha diversity did not differ among samples from the A, B, and C sites. 
| Biological pathways and functional categories inferred from the 16S data
We used the PICRUSt algorithm to predict microbial functions that might be associated with the changes in OTU abundances detected via 16S sequencing. After adjusting for copy number variation in the 16S rRNA genes, a total of 6,909 KEGG (level 4 KOs) gene families (mean ± SD =5,526.3 ± 184.5 per sample) were identified from the OTU table. We identified 41 KEGG pathways, which exhibited similar gene functions but with some differences in abundance among the four different sampling sites and fish body sizes instead of sex ( Figure   A4 ). These included pathways related to membrane transport, amino acid metabolism, carbohydrate metabolism, replication and repair, energy metabolism, cellular processes and signaling, xenobiotic biodegradation and metabolism, and lipid metabolism, or poorly characterized pathways. The richness of xenobiotic biodegradation and metabolism, energy metabolism, and carbohydrate metabolism richness was greater in larger fish, while the richness of replication and repair richness was lower in larger fish than in smaller fish (Figure 8a ).
Among the ten dominant gene families noted above, the abundance of genes related to carbohydrate metabolism and nucleotide metabolism were higher in site D than other sites, while amino acid metabolism was lower in all other sites than in site D (Figure 8b ).
| D ISCUSS I ON
In contrast to the extensive studies of the abundance and distribution of lake anchovy, little attention has been given to the distinctive gut microbiota of these fish. In our study, we explored the community composition and structure of the gut microbiota of lake anchovy. 
| Intestinal microbiota of lake anchovy
Our results characterized the molecular profile of microbial communities using high-throughput sequencing technology. Proteobacteria was found to be the most dominant phylum across the intestine samples, similar to data from rainbow trout (Etyemez & BalcÃ Zar, 2015) . Most notably, the high abundance of Proteobacteria in our results was largely due to a high number of Gammaproteobacteria, et al., 2016) . Previous studies found that Proteobacteria, Firmicutes,
and Actinobacteria were predominant in grass carp (Wu et al., 2012) . Furthermore, the guts of largemouth bass and bluegill were dominated by Fusobacteria, followed by Proteobacteria (Larsen, Mohammed, & Arias, 2014) . In our study, the gut microbiota in lake anchovy was dominated by Proteobacteria, Planctomycetes, and
Firmicutes and exhibited unique community structure and hostspecific compositions. Our results are consistent with previous results obtained using the denaturing gradient gel electrophoresis method . In addition, we also detected Cyanobacteria, Actinobacteria, Bacteroidetes, Chlamydiae, and other major bacteria.
| Factors that affect the gut microbiome
Three potential factors may affect the intestinal microbiota of lake anchovy: fish sex, fish body size, and local habitat. Considering Taihu Lake in its entirety, we collected all samplings during the late breeding stage (Sun, 1987) of the same year; therefore, we temporarily excluded other factors and thus only considered the role of fish sex. At the phylum level, we found that Fusobacteria was significantly more abundant in male fish than in female fish. Fusobacteria may be significantly promoted when animal proteins are included in the diet (Michl et al., 2017) ; because male lake anchovy undergoes more gonad development than females, they need to consume many high-protein fish and shrimp. This dietary difference may explain the difference in Fusobacteria abundance between sexes.
There were several other significant differences in the gut microbial composition between sexes that may be related to immune function and/or sex hormones (Figure 5b ). For example, male fish had a greater abundance of Sphingomonas. Sphingomonas has been reported to degrade microcystins (Hajime, Kiyomi, & Ken-Ichi, 2009 ), which may be related to the higher immune function in males (Markle & Fish,2014) . Host sex hormones and sex differences in immune function may also affect intestinal microbes (Markle & Fish, 2014; Omry et al., 2012) , but based on our data, we cannot determine which of these mechanisms impacted the gut microbes.
Nevertheless, our findings highlighted the importance of fish sex in structuring gut microbiomes.
Body size also influenced the microbiome composition of lake anchovy intestines. Gut microbiome diversity was lower in larger fish than in fish of other sizes, similar to African turquoise killifish F I G U R E 8 Functional predictions of different body size lake anchovy using PICRUSt. Histogram showing the ten dominant gene families across three body sizes (a) and four samplings sites (b) (level 2 KEGG Orthology groups). Size: S = small fish, about 10 g, P = medium fish, about 30 g, and L = large fish, about 50 g. Site: A = northern part of Taihu Lake, B = western, C = southern, D = eastern (Smith et al., 2017) . In large fish, the Firmicutes taxa were mostly composed of Clostridia at the class level and Lachnospiraceae at the family level. All known taxa in this family are strictly anaerobic and reside mainly within the digestive tracts of mammals (Kittelmann et al., 2013; María José et al., 2011; Meehan & Beiko, 2014) . Some studies have shown that some species of this family can promote the digestion and utilization of proteins (Zhou, 2016) . Larger fish have greater energy needs and feed on high-protein foods, such as small fish and shrimp, to obtain sufficient energy. Thus, the enrichment of Firmicutes in the large fish group may contribute to energy intake and nutrient absorption. An increase in the abundance of Firmicutes has been observed during development from juveniles to adults (Hu et al., 2017) .
At the genus level, the Lachnospiraceae_NK4A136_group content was highest in large fish, which is similar to Huang's findings . In small fish, significant differences in the distribution of Proteobacteria were also discovered, especially in the enrichment of Gammaproteobacteria (59.7%) and Alphaproteobacteria (13.8%). The high abundance of these two classes was due largely to the abundance of taxa in the families Xanthomonadaceae and Phyllobacteriaceae. Xanthomonadaceae are considered essential for the digestion of the host's nutritionally poor diet (Berg et al., 2016) .
Some species of these families may also exhibit cellulase activity and degrade a variety of aromatic compounds (Reid, Addison, Macdonald, & Lloydjones, 2011) . The Phyllobacteriaceae family consists of environmental (soil and water) and plant-associated bacteria, and some members of this family also exhibit cellulose-degrading enzyme activity (Hameed et al., 2015) . We hypothesize that small lake anchovy may eat Microcystis and other plants by mistake, and the enrichment of these bacterial families may facilitate cellulose degradation and nutrient absorption for smaller fish. However, although Cyanobacteria have been found in the stomachs of lake anchovy , there is no direct evidence for cellulose digestion in this species, and thus, our hypothesis requires further confirmation.
Similarly, the content of Comamonadaceae in small fish was significantly higher than that in other groups, similar to the findings of Huang, Li, Wang, and Shao (2016) . In addition, we found strong similarity in the intestinal tract structure and richness between medium-and large-sized fish. Although medium and large fish primarily consume fish and shrimp, medium-sized fish also eat an abundance of other foods. Thus, different developmental stages of lake anchovy have specific dietary requirements, which lead to different microbial gut communities.
Overall, environmental factors may have the greatest impact on the lake anchovy gut microbiome. Comparison of the water and intestinal microbial community structures and relative abundances showed similarities, suggesting that the microflora in the water en- At the genus level, site A fish samples were mostly composed of Sphingomonas and Methylobacterium. Sphingomonas is often isolated from contaminated soils, as members of this genus are able to degrade polycyclic aromatic hydrocarbons (Leys et al., 2004) and are known as microcystin-degrading bacteria (Hajime et al., 2009; Maruyama, Park, & Ozawa, 2006) . Methylobacterium is also considered an important emerging genus of microcystin degraders (Kormas & Lymperopoulou, 2013) . Interestingly, water samples from site A were also rich in these two genera.
The specific microbial abundance also varied consistently between the water and intestine samples. The mean abundance of Prevotella in site A fish was 0.65%, which was significantly higher than that in the other groups. This strain is associated with carbohydrateor fiber-rich diets in humans (Alauzet, Marchandin, & Lozniewski, 2010; Wu et al., 2011) . Since algae were found in the stomach of lake anchovy in summer (Wang, 2016) , we assumed that algae at northern
Taihu Lake were used as food because of their great number, and the mass propagation of Prevotella may help to promote the digestion of algae. We also found high levels of Microcystis in the water and intestinal samples from site C. The summer wind speed and direction affect the horizontal distribution of phytoplankton in Taihu Lake, especially Microcystis (Huang et al., 2018) , which might explain this result. In site D fish, the high abundance of Firmicutes was primarily due to the predominance of Clostridium (2.8%), Lactobacillus (2.0%),
and Staphylococcus (0.2%). The eastern region of Taihu Lake is dominated by submerged plants that may increase the pH of the water (Zhao, Zhu, & Mo, 2008) , and an increase in soil pH has been shown to strongly stimulate Firmicutes growth (Anderson et al., 2018) . Staphylococcus abundance usually has a positive correlation with energy intake (Bervoets et al., 2013) , which may be due to the abundance of food resources for lake anchovy in the eastern lake region. Lactobacillus and Clostridium are involved in tryptophan metabolism, the maintenance of the intestinal barrier function, and mucosal homeostasis (Venkatesh et al., 2014; Zelante et al., 2013) .
The eastern Taihu Lake is moderately nutritive and has not reached the nitrogen concentration range of a cyanobacterial bloom (Lv et al., 2018) . Aquatic plants can absorb nitrogen and phosphorus and inhibit algae growth, thus improving the water quality of eastern Taihu Lake, which may cause the increase in probiotics (He, 2008) and Bacillus (Qu & Liu, 2002) . These plants have different spatial distributions in Taihu Lake. Phytoplankton is the main vegetation type in the northwest region, while submerged vegetation occurs mostly in the eastern region (Qin, 2002 (Qin, , 2009 . Previous studies have demonstrated that geographic differences and sampling locations influence the diversity of the fish intestine microbiome (Duan et al., 2017; Roeselers et al., 2011) . Thus, it seems that local habitat is a strong driver of variation in the intestinal microbe community of lake anchovy.
| Functional analysis
Because the diversity of microbes in the lake anchovy gut may present many important functions that are essential to life, we employed the PICRUSt algorithm to infer potential gene profiles from 16S rRNA sequences. The most abundant functional categories were associated with membrane transport, carbohydrate metabolism, amino acid metabolism, replication and repair, and energy metabolism. The richness of xenobiotic biodegradation and metabolism, energy metabolism, and carbohydrate metabolism richness was greater in larger fish than other fish, reflecting metabolic acceleration as individuals grow (Helland & Grisdalehelland, 1998; Pen-Hsing & Shi-Yen, 1993) . The abundance of xenobiotic biodegradation and metabolism function in site D fish was significantly lower than that in other sites (p < .05). Xenobiotics (chemicals that exist outside the body) may come into contact or even enter the body in some way, and a certain concentration may include toxic effects (Karpouzas & Singh, 2006; Sun, 2010; Wang, Li, & Chang, 2005) . Our results indicated that eastern Taihu Lake was a more favorable environment and may provide a suitable habitat for lake anchovy.
In addition, we found that there were some antibiotic-related bacterial metabolic functions in the intestinal tract of lake anchovy in the third and fourth genome annotation levels. For example, the biosynthesis of vancomycin group antibiotics, beta-lactam resistance multiple antibiotic resistance protein, and multiple antibiotic resistance protein MarB were found in the gut. However, the abundance of multidrug resistance protein was significantly lower at site D than at the other three sites (ANOVA, p < .001), and the microbial metabolism of the four water environments showed the same trend.
This phenomenon indicates that there is relatively few bacterial flora that can produce drug-resistant substances in both lake anchovy and water of the eastern lake area.
Further, ATP-binding protein of the antibiotic transporting system was significantly higher in fish guts from site D than other sites (ANOVA, p ≤ .001), indicating that the defensive ability of the lake anchovy in eastern Taihu Lake was stronger than that of fish from other parts of the lake (Zhao et al., 2018) . These data provide further evidence that the eastern Taihu Lake area provides a relatively good environment and abundant food resources for lake anchovy. The discovery of potential antibiotic resistance in this anchovy species will benefit the development and application of antibiotics in practical aquaculture.
However, we should be cautious in our interpretation of the predictive results due to the inherent limitations of PICRUSt (David et al., 2013) . Although some functions could be inferred using these predictive methods, many of the actual functions of the gut microbiota still remain to be discovered, with the help of multiple "omics" approaches (Ferrer, Martins Dos Santos, Ott, & Moya, 2013; Waite & Taylor, 2014) .
| CON CLUS ION
The present study documented the basic composition of the gut microbiota in lake anchovy in Taihu Lake, China, and investigated the potential factors that influence variation in microbial community composition. Our study demonstrated that fish sex, body size, and local habitat had significant effects on the intestinal flora community structure. Sex affected the composition of the intestinal microbial community at lower taxonomic levels, and the diversity of the gut microbiota was lower in larger fish than in other fish. The structure and richness of intestinal microorganisms were also significantly different in different geographic locations, suggesting that diet and water quality also play important roles in determining the intestinal microbial communities of fish. These findings will not only help researchers understand the community composition of the intestinal microflora of lake anchovy but also contribute to the protection of fish resources in Lake Taihu and the sustainable use and harvest of lake anchovy. 
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